Two nonerythropoietic tissues, brain and liver, contain an initiation factor that can overcome the block in initiation of protein synthesis seen in reticulocyte lysates when exogenous hemin is not present. Upon incubation of the brain factor with hemin and removal of free hemin by gel filtration, the factor activity is strongly stimulated. This stimulation shows a concentration dependence on hemin close to that seen for stimulation of protein synthesis in whole reticulocyte lysates. The data indicate that hemin mediates the formation of an active initiation factor complex from inactive, lower molecular weight components.
Hemin is essential for protein synthesis in developing erythrocytes. Unless hemin is added, initiation of protein synthesis in rabbit reticulocyte lysates ceases after a brief delay, and polysomes disappear, while single ribosomes accumulate (1) (2) (3) (4) (5) (6) (7) . The cessation of translation can be prevented not only by added hemin, but also by the addition of an initiation factor isolated from reticulocytes (7); this factor also relieves the inhibition of protein synthesis induced by double-stranded RNA (8) . Apparently, endogenous initiation factor activity is lost in the absence of hemin. Hemin, therefore, must exert its effect on translation directly or indirectly through this factor (7) , but heretofore its mechanism of action has not been established.
We report here that two nonerythropoietic tissues also contain an initiation factor active in maintaining reticulocyte protein synthesis in lysates lacking hemin. The activity of this initiation factor is strongly stimulated by hemin. The data suggest that hemin mediates the assembly of active factor molecules from inactive subunits, thus maintaining the initiation of protein synthesis.
RESULTS

Rescue of heme-dependent protein synthesis by liver initiation factor
The sedimentation distribution of ribosomes in a rabbit reticulocyte lysate is shown in Fig. 1A . Polysomes, which were allowed to sediment onto a dense sucrose cushion, are seen to predominate; relatively few 80S single ribosomes are present. During protein synthesis in the absence of added hemin, however, almost all polysomes are converted into single ribosomes (Fig. 1B) . Since addition of an initiation factor isolated from reticulocytes (7) can replace added hemin (2) in preventing this loss of polysomes, we asked if a similar * To whom reprint requests may be sent.
factor activity is present in nonerythropoietic tissues. As seen in Figs. 1C and D, partially purified initiation factors recovered from both mouse and rat liver ribosomes indeed contain an activity capable of maintaining polysomes in a reticulocyte lysate in the absence of added hemin.
That the maintenance of polysomes seen in Fig. 1 reflects continued protein synthesis is shown in Fig. 2A . In this experiment, the 0-50%0 ammonium sulfate fraction of proteins removed from mouse liver ribosomes by 0.4 M KCl was applied to a Bio-Gel Al.5m gel filtration column, and eluted fractions were assayed for their ability to maintain protein synthesis in a reticulocyte lysate that lacked added hemin. The peak of activity obtained indicates again that liver initiation factor can successfully replace the analogous factor from reticulocytes. We have found similarly that protein synthesis in mouse and rat reticulocyte lysates, also dependent on added hemin, can be maintained by factors from rabbit reticulocyte, mouse liver, and rat liver.
The incorporation shown in Fig. 2 serves to define the factor under study as an activity capable of sustaining protein synthesis in whole reticulocyte lysates in the absence of exogenous hemin. The assay is specific for rescue of the function, or functions, that are lost during hemin deprivation.
Rescue of heme-dependent protein synthesis by brain initiation factor While the liver of healthy adult mice or rats is not erythropoietic, it can be so during embryogenesis or severe anemia. We next attempted, therefore, to recover factor activity from a truly nonerythropoietic tissue, the brain. As shown in Fig.  2B , a significant amount of activity can be isolated from guinea pig brain ribosomes. After gel filtration, this activity is detected at or very near the excluded volume, as is the reticulocyte factor activity (8) . The elution proffle of brain factor consistently is narrower than the one obtained with liver factor (Fig. 2A) .
The extent of amino-acid incorporation into protein by the lysate, in the absence of added hemin, is indicated by arrows in Fig. 2A Because protein synthesis in reticulocyte lysates is rescued by addition of an exogenous initiation factor (7), it would appear that the endogenous initiation factor is inactivated in the absence of hemin and that hemin must mediate its effect directly or indirectly through this factor. Since the heme effect might be specific for erythropoietic tissues, it is appropriate to ask if the activity of the factor isolated from guinea pig brain, a nonerythropoietic tissue, can be affected by hemin.
Guinea pig brain factor was incubated for 10 min at 300 with 5 X 10-5 M hemin. This hemin concentration maximally supports protein synthesis in a reticulocyte lysate (see Fig. 5C ). Factor thus treated was then separated from free hemin by gel filtration. As seen in Fig. 3A , incubation with hemin (curve a) increases brain factor activity more than 3-fold over that of untreated factor (curve b). When an equal amount of hemin, without factor, is applied to the column, no activity is found among the resulting fractions (curve c). Instead, a peak of incorporation stimulated by free hemin occurs at fraction 35, far removed from the factor peak (data not shown). This control shows that the stimulation observed in Fig. 3A is due to increased factor activity rather than to free hemin present in the sample before gel filtration.
Recovery of activity from brain supernatant As seen in Fig. 3B (curve b), factor activity can also be isolated from the post-ribosomal supernatant (S-200) of guinea pig brain. When this S-200 material is first incubated with 5 X 1i-0 M hemin and then separated from free hemin by gel filtration, its activity likewise is increased more than 3fold (Fig. 3B , curve a).
Kinetic analysis
In the absence of added hemin, protein synthesis in a reticulocyte lysate ceases between 5 incubation (Fig. 4, curve a) , while in the presence of 5 X 10-5 M hemin, amino-acid incorporation continues for at least 50 min (curve b).
Brain factor was incubated with or without hemin and subjected to gel filtration, as in Fig. 3A . In each case, an equal amount of material from the peak fraction of eluted activity was included in the incorporation mixture. In the sample that received untreated factor (Fig. 4 , curve c), the amount of incorporation beyond 5 min is slightly higher than in the sample containing no added hemin (curve a), but falls far below that in the sample containing hemin (curve b). By contrast, the extent of incorporation in the sample that received factor pretreated with hemin (curve d) is significantly greater than in the sample containing untreated factor (curve c) and very close to that of the hemin control (curve b). By 50 min, the stimulation of incorporation in curve d, relative to the control lacking hemin (curve a), is 3fold greater than the stimulation achieved in curve c.
Stimulation of brain factor activity is dependent on hemin concentration
That incubation of brain factor by itself does not alter factor activity is shown in Fig. 5A , which depicts gel filtration patterns before (curve a) and after incubation (curve b). Hence, the effect of hemin is not to protect the activity during the incubation step prior to gel filtration, but must involve stimulation of factor activity or, alternatively, protection of activity during the subsequent assay. Protein synthesis in the lysate is stimulated maximally at hemin concentrations of 5 X 10-5 M or above, but 1 X 10-5 M hemin has no effect (Fig. 5C, curve a) . If the effect of hemin in the lysate involves a direct interaction between hemin and the initiation factor, one might expect the stimulation of brain factor activity by hemin to exhibit a similar concentration dependence. To test this, two aliquots of brain factor were incubated, one with 1 X 10-5 M hemin, the other with 5 X 10-5 M hemin. They were then separated from free hemin by gel filtration. As seen in Fig. 5B , factor preincubated with 5 X 10-5 M hemin (curve a) exhibits more than three times the activity of factor preincubated with 1 X 10-5 M hemin (curve b); the latter curve is identical to that of untreated factor (Fig. 5A) . Thus, the lower concentration of hemin has little, if any, effect on factor activity. When aliquots of brain factor are incubated with various concentrations of hemin, and the total activity eluted by gel filtration in each case is compared with the eluted activity of untreated factor, curve b of Fig. 5C is obtained. It is evident that the hemin concentration dependence for stimulation of factor activity parallels closely the concentration dependence seen for protein syn- Fig. 3A . In each case, 40,ul of the fraction containing the peak of activity was incubated with reticulocyte lysate, as in Fig. 2 . Ten-microliter samples were removed at time intervals and assayed for radioactivity in protein. a, lysate without added hemin; b, lysate with 5 X 10-6 M hemin; c, lysate containing factor preincubated without hemin; d, lysate containing factor preincubated with 5 X 10-6 M hemin. thesis in the whole lysate (Fig. 5C, curve a) . Both are stimulated increasingly between 1 and 5 X 10-5 M hemin, and then reach a plateau.
Hemin stimulates formation of an active factor complex Guinea pig brain factor was subjected to gel filtration, and each eluted fraction was divided into two aliquots. One was incubated with 3 X 10-5 M hemin, the other with buffer. Both sets of aliquots were then assayed for their ability to support protein synthesis in a reticulocyte lysate. The distribution of factor activity in the set incubated without added hemin shows a single, narrow peak, eluting just behind the void volume (Fig. 6, curve a) . Upon incubation with hemin (curve b), the height of this peak is not increased but instead, additional activity is revealed in the lower molecular weight region, eluting after the original peak. Incubation with 3 X 10-5 M hemin after gel filtration results in a 2-fold stimulation of total factor activity. Note that incubation with 3 X 10-5 M hemin before gel filtration causes the same stimulation (Fig.  5C, curve b) . The additional activity in curve b of Fig. 6 is not due to free hemin added to the column fractions, because, as indicated by the arrows, hemin is diluted in the subsequent assay to a nonstimulatory concentration (1.5 X 10-5 M).
The results of Fig. 2 ) was incubated for 10 min at 300 with (x) or without hemin (y) before gel filtration and assay, as in Fig. 2 . Total activity eluted from column was determined for both samples. Each point represents ratio of total activity (x/y) at the indicated concentration of hemin. molecular size exhibiting factor activity, and one or more smaller components that by themselves are inactive, but regain activity upon treatment with hemin. Stimulation of factor activity by treatment with hemin is due specifically to activation of the lower molecular weight material.
DISCUSSION
Two basic facts concerning the role of hemin in the control of mammalian protein synthesis emerge from these results. First, the block in initiation of protein synthesis occurring in reticulocyte lysates in the absence of exogenous hemin can be overcome by an initiation factor present in two nonerythropoietic tissues. Second, the activity of the initiation factor obtained from a nonerythropoietic tissue, the brain, is strongly stimulated by hemin. Most likely, therefore, hemin is involved directly in the function of this initiation factor, whether or not it is of erythropoietic origin.
The possibility that the brain factor preparation causes hemin to form large aggregates that are excluded from BioGel columns and cause stimulation in the subsequent assay may be rejected by a consideration of the data in Fig. 6 . By treating the factor with hemin after gel filtration, the effect of aggregation is eliminated. Such treatment stimulates activity, but does so only in specific fractions. Thus, stimulation by hemin requires material eluted from the column, most likely protein.
Treatment with hemin stimulates brain initiation factor activity more than 3fold when assayed by the ability to maintain protein synthesis in a reticulocyte lysate lacking exogenous hemin. This stimulation is not due to protection of factor against inactivation during the incubation with hemin,, but must have its effect after this step. Thus, hemin either renders brain factor resistant to inactivation during protein synthesis in reticulocyte lysates, or actually stimulates its activity.
Remarkably, the stimulation of factor activity shows a concentration dependence on hemin very similar to that seen for rescue of protein synthesis in whole reticulocyte lysates (Fig. 5C ). This is perhaps the strongest evidence that hemin exerts its effect through an interaction with the factor.
Our experiments indicate that the factor can exist in more than one form, of which only one is active. When brain factor is incubated with hemin after gel filtration (Fig. 6) , the increase in activity is detected in the lower molecular weight region, but none is found in the high-molecular-weight region where untreated factor is eluted. Activation of the lower molecular weight material is accompanied by a gain in size, because incubation with hemin before gel filtration leads to increased activity exclusively in the high-molecular-weight region (Figs. 3 and 4) . Moreover, whether incubation with hemin occurs before or after gel filtration, the same extent of stimulation is observed (see Figs. 5C and 6). We propose that the active factor molecule is composed of subunits, themselves inactive, and that the association of these subunits to active factor is mediated directly by hemin. Hemin is known to play such a role in the correct assembly of globin chains into hemoglobin (10) .
In reticulocyte lysates lacking hemin, synthesis of all protein, not only that of globin, should cease because the ribosomal subunits accumulate as single ribosomes and hence are unable to reach initiation sites on messenger RNA (7). Indeed, translation of all messenger RNA by a reticulocyte lysate seems to he under hemin control (11, 12) . That hemin may also affect other cells was first suggested by the finding that protein synthesis in intact ascites cells is somewhat stimulated by hemin, though only at relatively high concentrations. (13) . A smaller effect is observed in an ascites cellfree system, chiefly on translation of added globin messenger RNA; however, a specific effect on initiation was not demonstrated (13) .
The results presented here provide more direct evidence that control of initiation of mammalian protein synthesis by hemin extends beyond reticulocytes. If one assumes that the activity of the brain initiation factor is at its maximum after treatment with hemin, then the fact that activity can be stimulated more than 3-fold indicates that at least 70% of the brain factor molecules, and perhaps all, are responsive to hemin. The brain factor thus may resemble the reticulocyte factor in its dependence on hemin for continued activity. Quite possibly, all tissues, even nonerythropoietic ones, require a low level of hemin to satisfy this requirement.
Normally, this heme-dependence would not have regulatory implications. In the reticulocyte, however, we may hypothesize that the need for hemin is turned to the cell's advantage. Because hemin is consumed at a much higher rate in these cells than in other tissues, as it is incorporated into hemoglobin, the need for hemin in continued factor activity would allow close coordination of the rate of initiation of globin synthesis with the rate of hemin supply. Thus, in the special case of the reticulocyte, general heme-dependence may be utilized in a tissue-specific manner to effect translational control during cellular differentiation.
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